Stishov and Popova
successfully synthesized opticaIly resolvable crystals of a dense high-pressure polymorph of SiO. with the rutile structure from quartz at about 130 kb (2) and 1200° to 1400°C. These crystals had a markedly acicular habit. Chao et al. (3) discovered this polymorph of SiO, in the shattered sandstone that constitutes the rim of Meteor Crater, Arizona, and named it stishovite. This natural stishovite, however, consists of optically irresolvable aggregates (3, 4) so that its equivalence to synthetic SiO, with the rutile structure was established principally by x-ray powder diffraction and supported by infrared absorption Jpectroscopy (5) . Sclar e tal. ( 6) synthesized optically resolvable crystals of stishovite from hydrous silica gel .between 80 and 100 kb, at 800°C to 1250°C in a "belt" apparatus (7) , and between 115 and 125 kb above 1000°C in a "girdle" apparatus (8), and described their acicular habit and optical prop' erties.
In high-pressure studies on the system MgO-SiO., Sclar et el. (9) found that equimolar mixtures of MgO and silica gel yielded forsterite plus stishovite in addition to clinoenstatite between 115 and 125 kb at temperatures between 500° and 650°C. At lower pressures in the same temperature range, these mixtures yielded only clinoenstatite. These results are interpreted as evidence for the high-pressure reaction in which clinoenstatite is converted to forsterite and stishovite. The stishovite crystals obtained under these conditions were not acicular but were stubby prisms and squarc basal tablets. It was concluded that the crystal habit of stishovite must vary with either the physical conditions or the chemical environment of growth or both.
To determine whether the crystal habit of stishovite could be modified solely by physical conditions, it was synthesized at 120 ± 5 kb and 550°, 600°, and 800°C from the same sample of hydrous silica gel and in the same "girdle" apparatus used in the hightemperature synthesis (about 1100°C) reported earlier (6) . The identity of stishovite in all high-pressure products was established by x-ray powder diffraction (I, 3) and by optical properties (6) . The experimental temperatures in the "girdle" were estimated on the basis of wattage input to the heater tube and the uncertainty is of the order of ± 75°C. The runs at 550° and 800°C were held at pressure and temperature for 2 hours. The run at 600°C was held for 1 hour.
The stishovite prepared at 120 kb and 550°C is not acicular. It occurs as bipyramidal crystals 1 to 10 fJ-in size, disseminated through large anhedral grains of coesite up to 350 fJ- (Fig. I) . The interfacial angles of these bipyramidal crystals suggest that the pyramidal form is {Ill}, which for stishovite has a polar angle of 42 degrees. A few of the bipyramidal crystals show some development of the prism {11O}. There is no apparent structural control of the stishovite inclusions by the coesite host. As reported earlier, acicular stishovite crystals embedded in anhedral single-crystal grains of coesite also fail to show any simple structural relationship to the host (6). This is not unexpected inasmuch as the transformation of coesite to stishovite is a reconstructive one of first coordination. The percentage conversion to stishovite at 550°C was estimated to be about 35 percent.
At 600° and 800°C the percentage conversion to stishovite was greater than 80 percent. The stishovite occurs dominantly as granular polycrystalline aggregates free of coesite and has a crystallite size between 1 and 5 fJ-and occurs subordinately as anhedral grains of the same size randomly disseminated through single-crystal anhedral grains of coesite (Fig. 2) . The few grains of stishovite, either free or locked with coesite, that show crystal faces are either stubby prisms with pyramidal or basal pinacoidal terminations or squarc basal tablets; free bipyramids of stishovite, similar to those obtained at 550°C, are very rare. The prismatic and tabular crystallites resemble closely the stishovite crystals synthesized in a magnesium-rich environment.
The crystal habit of stishovite, therefore, appears to be dependent primarily on the prevailing temperature during nucleation and growth at about 120 kb. In the 115-to 130-kb range, acicular and non acicular stishovite,. -:levelops above and below about 900°C, respectively. More specifically, stishovite which grows in a purely siliceous environment has (i) a bipyramidal habit below about 600°C, (ii) a dominantly granular habit with some tendency toward stubby prismatic and tabular forms between about 600° and 900°C, and (iii) an acicular habit above 900°C. Stishovite, which grows in a magnesiumrich environment below about 700°C, has a stubby prismatic to tabular habit.
Synthetic diamond reportedly shows an analogous thermal dependence of crystal habit and develops successively as cubes, rhombic dodecahedra and combinations with other forms, and octahedra with increasing temperature of growth under high pressure (10) . These observations of the sequence of thermally dependent habits in synthetic diamond have been used to indicate the relative temperature of formation of natural diamonds (11) . More experimental data are needed to determine the dependence on pressure of the acicular-non acicular boundary of stishovite, but it seems probable that the effect of pressure is small.
In view of the highly siliceous character of the stishovite-bearing rim sandstone at Meteor Crater (12), it seems logical and appropriate to apply the experimental data on the thermally dependent changes of crystal habit of synthetic stishovite obtained from pure silica to the genesis of natural stishovite from this locality. Because this natural stishovite (13) is optically irresolvable, it was dispersed in alcohol by ultrasonic agitation, collected on a support film, and examined with the electron microscope. The x-ray powder pattern of this sample of natural stishovite consists solely of the lines of stishovite. Although nondescript shapeless material is present in this sample, acicular particles are abundant (Fig. 3) and constitute the only particles with a regular shape. Those acicular crystals that have recognizable terminal faces show typically wedge-shaped terminations and, except for size, morphologically resemble the high-temperature synthetic stishovite crystals described earlier (6) . Many of the acicular synthetic crystals were not elongated parallel to their caxes as shown by optical measurements. It seems probable, therefore, that in many of these natural stishovite crystals the elongation axes are not coincident with the c-axes.
The presence of acicular stishovite suggests that much if not all the stishovite in Meteor Crater crystallized at temperatures above about 900°C. The shapeless material might be either broken stishovite needles or nonacicular stishovite that grew below 900°C. However, if the shapeless material is nonacicular stishovite, it does not resemble the nonacicular stishovite prepared at low temperatures.
Lipschutz and Anders (14) observed a eutectic intergrowth (probably a lowsulfide Fe.C-Fe-FeS eutectic) resembling ledeburite at the interface between troilite (FeS) and cohenite (Fe.C) in some specimens of meteoritic iron from Meteor Crater. Maringer and Manning (15) found a ledeburite-like eutectic intergrowth of FenC and Fe at the interface of recrystallized kamacite and cohenite in some iron meteorites from Meteor Crater. Lipschutz and Anders concluded that the ledeburitelike eutectic indicates that local temperatures in excess of 11 OO°C were reached in the ledeburite-bearing iron specimens as a result of passage of a shock wave upon impact with the earth.
A study of the kinetics of the inversion of natural stishovite from Meteor Crater to silica glass led Skinner and Fahey (4) to conclude that, although peak temperatures at the time of meteoritic impact may have been 1000°C or higher as suggested by Sclar et al. (6) , it is unlikely that temperatures greater than 600° to 700°C remained after passage of the shock wave because stishovite is still present in the impacted rock. The results of our work on the synthesis of stishovite when integrated with the experimental results of Skinner Fig. 1 (left) . Photomicrograph of bipyr. amidal crystals of stishovite disseminated through an anhedral single-crystal grain of coesite; synthesized at about 120 kb and 550°C from silica gel. Transmitted light eX 320). Fig. 2 (right) . Photomicrograph of free granular stishovite synthesized from silica gel at about 120 kb and 800°C. Transmitted light (X 320). 1) Partial fusion of the sandstone on impact as evidenced by the presence of frothy structures and metallic spherules in the silica glass. The fusion temperature of the sandstone could have been considerably below the melting point of Sio, (1713 0c) because of the presence of water (17) .
2) Crystallization of acicular stishovite at temperatures in excess of 900°C concurrently with pressures in excess of 100 kb.
3) Crystallization of coesite when pressures fell below 100 kb during passage of the shock wave. Temperatures could have remained in excess of 900°C during coesite crystallization. 4) Rapid thermal decay, after passage of the shock wave, to temperatures below 700°C accompanied by partial inversion of stishovite to silica glass.
The suggested crystallization sequence is based on the hypothesis that both stishovite and coesite crystallized directly from silica glass rather than from quartz. This appears probable inasmuch as the rate of growth of a new crystalline phase in response to changing pressure-temperature conditions is generally greater from a glass than it is from a preexisting crystalline phase of the same composition. It is possible that melting and crystallization took place within a narrow temperature range of only 200° to 400°C. This would be compatible with the transient nature of the pressure.
The crystal habit of stishovite, therefore, might constitute a useful geological thermometer which could indicate the limiting temperature at peak pressure at impact craters in highly siliceous rocks. The applicability of this thermometer is evidently limited at present to silica-rich environments. As already discussed, however, stishovite has a nonacicular habit in magnesia-rich environments between 500° and 650°C in the range 115 to 125 kb. It would be of interest to synthesize stishovite through the clinoenstatite reaction (9) at temperatures above 900°C, but the pressures required would probably be in excess of 125 kb. This pressure-temperature combination has not yet been achieved, and such pressures at sustained high temperatures are at or near the ultimate limits of existing devices.
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